Abstract Herbaria are unparalleled collections of biodiversity information representing the world's flora. However, this treasure has remained largely inaccessible to genetic studies, frequently limited by the low yields of poor-quality DNA. Next-generation sequencing (NGS) has transformed every field of biological research. The different strategies for accessing genetic data using NGS are changing the direction of biodiversity research-we are no longer constrained by a relatively small number of markers for non-model organisms, by time and cost limited sample sizes, or by incomplete datasets due to recalcitrant DNA extractions or PCR amplification failure. Here we show that targeted enrichment through hybrid capture can be used to generate hundreds of kilobases of nuclear sequence data of the Neotropical genus Inga, from herbarium specimens as old as 180 years and using as little as 16 ng of degraded DNA.
INTRODUCTION
Herbaria have been likened to "treasure chests" or "Genomic Treasure Troves" (Särkinen & al., 2012; Staats & al., 2013) . They contain a wealth of information about plant diversity and distribution, including many type specimens, some of which are the only recorded accession of their species. Assessing the genetic component of this diversity is difficult due to the degraded nature of DNA in specimens after many years of storage, yet accessing the genetic information in herbaria and museums would hugely expand the utility of such collections (Rowe & al., 2011; Bi & al., 2013; Nachman, 2013; Staats & al., 2013; Jones & Good, 2015) . Several papers describe optimization of DNA extraction from herbarium specimens for use in PCR-based methods such as Sanger sequencing (e.g., Drábková & al., 2002; Telle & Thines, 2008; Särkinen & al., 2012) , but such PCR methods are typically limited to short sequences present in high copy number, which do not give phylogenetic resolution for many clades.
Next-generation sequencing (NGS) has the potential to open up these collections to the genomic era. The major stumbling blocks associated with working with low quantities of degraded DNA extracted from herbarium specimens of nonmodel plant species can be overcome or reduced by using NGS techniques. Many NGS approaches employ library preparation that requires shearing genomic DNA into short fragments (40-500 bp). DNA library construction can be tailored to work with low DNA starting quantities (Rowe & al., 2011) . Different strategies of genome partitioning or targeted sequencing can be employed to overcome or assess issues of contaminant DNA (Rowe & al., 2011; Enk & al., 2014; Linderholm, 2016) and interrogation of the resulting data can be used to assess levels of variability due to post mortem DNA damage (Rowe & al., 2011; Bi & al., 2013; Staats & al., 2013) . Via experimental design, key elements such as target specificity and mean depth of coverage can be managed, thus allowing the researcher to tailor the technique to their biological question (Grover & al., 2012) .
The application of NGS to herbarium and museum specimens has typically been restricted to reconstruction of plastid or mitochondrial genomes present at high copy number, or low-coverage genome skims to re-sequence species with existing reference genomes (Rowe & al., 2011; Staats & al., 2013) . We focus here on the potential of targeted enrichment to obtain sequence data for hundreds of nuclear genes from herbarium material. Targeted enrichment is an example of a genome partitioning approach developed to allow the sequencing of a selected subset of the genome (Cronn & al., 2012; Jones & Good, 2015) . Other methods of genome partitioning NGS include PCR based enrichment (multiplex PCR), restriction site associated DNA sequencing (RAD-Seq) and whole-transcriptome shotgun sequencing (RNA-seq; see Wang & al., 2009; Davey & Blaxter, 2010; Cronn & al., 2012; Jones & Good, 2015) . Targeted enrichment was developed as a more cost effective and 2 This is a preliminary version that will no longer be available online once replaced by the final version.
high-throughput alternative to whole genome sequencing and multiplex PCR (Gnirke & al., 2009; Mamanova & al., 2010) and was first applied to studies of the human genome. The targeted enrichment, or "hybrid capture", technique used in this study uses a hybridisation reaction involving custom-designed short RNA probes ("baits") in solution, to capture hundreds of target loci from fragmented genomic DNA libraries.
The advantages of moderate cost, low input amounts of genomic DNA and the ability to target large numbers of informative markers make targeted enrichment highly applicable to phylogenomic and population genomic studies in non-model organisms (Lemmon & al., 2012; McCormack & al., 2013) . The scale of targeted enrichment can range from several targeted loci to over a million targeted regions (Grover & al., 2012) and has been applied to intraspecific population studies (Zhou & Holliday, 2012) , resolving intra-and interfamily phylogenetic relationships (Sass & al., 2016) , species-level phylogenetics (Uribe-Convers & al., 2016) and recent radiations (Nicholls & al., 2015) .
This approach has been used successfully for museum specimens by Bi & al. (2013) , who used targeted exon capture to enrich for ca. 4 MB of DNA for single-nucleotide polymorphism (SNP) analysis, obtained from skins of alpine chipmunks (Tamias alpinus) collected in 1915. We show here that a similar approach works very well for plant herbarium specimens; by using hybrid capture, depth of coverage and assembly issues are solved, resulting in retrieval of hundreds of kilobases of conservatively called nuclear sequences from specimens as old as 180 years, and from as little as 16 ng of degraded starting DNA.
We used the genus Inga Mill. to develop protocols for targeted enrichment of DNA from herbarium samples as this method has been employed successfully on silica gel dried Inga specimens using an existing set of capture baits (Nicholls & al., 2015) . This legume bait set comprised 276 loci designed from Inga transcriptomes, and a further 1124 loci designed from other taxa across the Mimosoideae. Inga umbellifera (Vahl) Steud. ex D.C., a widespread species, was selected as our focal taxon because population-level targeted enrichment sequence data already exist (from 20 libraries representing 19 accessions; Nicholls & al., 2015) to provide the context in which our data could be analysed. As part of developing targeted enrichment methods for herbarium material, we explore the impacts of a number of different parameters on hybrid capture and sequencing success including: method of initial genomic DNA extraction, DNA quality and yield, DNA repair before library preparation, and different DNA library size selection strategies, designed to deal with the degraded DNA typically obtained from herbarium material. We also assess the use of two commercially available library preparation kits. The samples ranged from 6 to 180 years old, and were collected in Peru, Suriname, French Guiana, Guyana and Colombia (Table 1) . Silica gel preserved material from the same accession as the herbarium specimen 16L 145 (E) was included for the 2009 collection, to determine whether there was a notable difference in quality between the two types of tissue preservation. In total, we generated 13 DNA extractions from eight different starting materials (Table 2) . Data from a silica gel preserved sample for one of the herbarium collections (K. Dexter 401 (E), 2004) were included in a previous study (Nicholls & al., 2015) , so it was not sequenced here.
MATERIALS AND METHODS
DNA extraction and repair. -Approximately 2 cm2 sections of leaf or 10-20 mg of flower parts (Electr. Suppl.: Fig.  S1 ; Table 2 ) were used for each DNA extraction. Multiple extractions (2-7) were made from each accession from the same starting material, to allow for subsequent pooling and concentration of low yield DNA as well as to provide experimental duplicates. Plant tissue was ground in 2 ml tubes, using a TissueLyser II with flattened tungsten beads. DNA was extracted using the manufacturer's protocol for Qiagen DNeasy Plant mini-kits up to the DNA binding stage, at which point several DNA extractions from the same starting material were combined by eluting them through single DNeasy Mini spin columns or Qiagen QiaQuick PCR purification columns to concentrate the DNA (see Table 2 ). The two types of columns were used to test the impact of recovering degraded DNA using kits designed either for whole genomic DNA (DNeasy mini kit) or smaller fragments (QiaQuick columns; elution of DNA This is a preliminary version that will no longer be available online once replaced by the final version. -12 Oct 2016: 12 pp. fragments between 100 and 10,000 bases). Yield and integrity (size distributions) of genomic DNA extracts were quantified by Qubit (Invitrogen, Carlsbad, California, U.S.A.) using the dsDNA HS kit, and TapeStation (Agilent, Edinburgh, Scotland, U.K.) Genomic DNA ScreenTape, respectively. The TapeStation provides a DNA integrity number (DIN), which is a metric of DNA integrity on a scale of 1 (strongly degraded) to 10 (highly intact; Gassmann & McHoull, 2015) . Ancient DNA is routinely treated to repair damage, such as nicks in sequence strands (e.g., Mouttham & al., 2015) . We repaired most of our DNA extractions using NEBNext FFPE DNA Repair Mix (New England Biolabs, Ipswich, Massachusetts, U.S.A.), following the manufacturer's protocol. As a control, we left aliquots of the 2009 (16L 145 (E)) silica and herbarium DNA extractions unrepaired (denoted by "-" in the Library names, Table 3 ), to test whether the use of a proprietary DNA repair kit increased final library amounts and sequencing quality, or introduced errors into the sequences.
TAXON
Library preparation. - We trialled two commercial library kits: Illumina's TruSeq Nano library preparation kit (Illumina, FC-121-4001, San Diego, California, U.S.A.), which recommends 100 ng of starting DNA, and NEBNext Ultra library preparation kit for Illumina (New England Biolabs, E7370S), which has been optimized for as little as 5 ng starting DNA. Most library preparations followed the respective manufacturer's protocols; however, for some samples modifications were made to the fragmentation, size selection and final amplification steps (as outlined below) to accommodate small quantities of or degraded starting DNA (Table 2) .
DNA was fragmented using a Bioruptor Plus (Diagenode, Liège, Belgium), with fragmentation tailored to the size distribution of extracted DNA. Samples with higher molecular weight DNA were sonicated for 8 cycles of 30 seconds on/90 seconds off (low power). For samples with more degraded genomic DNA the number of sonication cycles was reduced, with no sonication for the most degraded samples (Table 3) . After sonication the samples were cleaned-up following the TruSeq Nano protocol; during this bead clean-up process 20%-30% of the starting DNA is lost (data not shown), therefore post-sonication clean-up was omitted for libraries where starting DNA amounts were low. The amount of input genomic DNA for samples that were not sonicated was reduced to a This is a preliminary version that will no longer be available online once replaced by the final version.
maximum of 70-80 ng (Table 3) , consistent with the estimated DNA loss after sonication. We followed different size selection protocols for the NEBNext Ultra and TruSeq Nano Kits to allow for the different average fragment sizes in different DNA extractions. We followed two size selection protocols for the NEBNext libraries. For samples with higher molecular weight genomic DNA, we followed the 400-500 bp insert protocol; for more degraded genomic DNA, we followed the 250-300 bp insert protocol (Table 3) . Three NEBNext libraries were generated without any size selection, due either to low starting DNA quantities (libraries H1841_NEB7+, H1841_NEB8+), or as a comparison of making libraries from highly degraded starting DNA both with and without size selection (library H1932_NEB11b+v2 without size selection, cf H1932_NEB11b+ with size selection).
Size selection for most of the TruSeq libraries proceeded as recommended for a 350 bp average insert, using 30 µl of undiluted beads at the second step in the size selection process (Table 3) . We tested modifications to this protocol using larger volumes of beads as a way of increasing the recovery of This is a preliminary version that will no longer be available online once replaced by the final version.
TAXON -12 Oct 2016: 12 pp.
fragments < 300 bp (data not shown), resulting in a modified protocol using 80 µl of undiluted beads that was then used for libraries made from degraded genomic DNA. An intermediate bead volume of 50 µl was used for one sample (library H1932_ Tru11b+v2) to test whether a final library containing larger fragments could be made from highly degraded starting DNA. The final step in both the TruSeq Nano and NEBNext Ultra protocols, prior to the capture stage, involves a PCR amplification. The number of PCR cycles performed was varied as a function of the amount of starting DNA (range 7-12 cycles; see Table 3 ). Post-PCR libraries were run on a Bioanalyser (Agilent) to determine fragment size distributions (see Electr. Suppl.: Fig. S2 ), and all were diluted to 10 nM.
Library pooling. -Equimolar amounts of the 32 TruSeq and NEB post-amplification libraries were combined into three pools based on their size distributions (Table 3 ; Electr. Suppl.: Fig. S2 ). Two pools contained either 9 or 10 libraries with average fragment sizes typical of libraries produced using the standard TruSeq Nano or NEBNext Ultra protocols (pool 1: average fragment sizes 537-649 bp; pool 3: average fragment sizes 347-619 bp), and one pool contained 13 libraries from samples with much more degraded starting DNA (pool 2: average fragment sizes 279-419 bp).
Target enrichment. -Targeted enrichment was carried out using the same bait set as Nicholls & al. (2015) , manufactured by MYcroarray (Ann Arbor, Michigan, U.S.A.) and following the MYbaits protocol v.2.3.1. Hybridisation was carried out for 19 hours, a high-stringency wash was used, and the posthybridisation PCR involved 14 cycles. Enriched pools were quantified by Qubit and their fragment size distributions assessed on a Bioanalyser. Each pool was sequenced on a separate 250 bp paired-end run of an Illumina MiSeq machine at the Edinburgh Genomics facility.
Analyses. -Analysis of the sequences followed the procedure in Nicholls & al. (2015) , using scripts available at https:// github.com/ckidner/Targeted_enrichment.git. Reads were quality trimmed, then aligned using default parameters to the bait sequences using Bowtie v.2 (Langmead & Salzberg, 2012) to determine the success of capture ( Fig. 1A ; Table 4 ). The bait set was designed using transcriptome sequence from three Inga species, choosing sequences showing a phylogenetically useful level of variation, coding for key secondary synthesis enzymes or differentially expressed between species (see Nicholls & al., 2015) . The bait set can capture multiple paralogs per target locus so we followed the procedures in Nicholls & al. (2015) to minimise the effects of this. A conservative set of parameters for more stringent Bowtie mapping was derived empirically in order to derive data for just a single paralog per target locus. Bowtie uses a formula including read length and an intercept constant to determine the alignment score. We ran Bowtie This is a preliminary version that will no longer be available online once replaced by the final version.
alignments on four libraries (H2009_Tru1-, H2009_NEB1-, S2009_NEB3-, H1932_NEB11b+v2) using intercept constants from 20 to 420. As in Nicholls & al. (2015) the change in standardised quality of variant calls levelled out from above 260, reflecting fewer paralogs mapping at this higher stringency. We used an intercept constant of 320 as a conservative threshold. vcf files were derived from the conservatively mapped BAM files using SAMtools v.0.1.18 (Li & al., 2009) . These files were then edited to remove low-quality base calls and to remove indels, and a consensus sequence for each target locus was derived using bcftools (part of SAMtools; Li & al., 2009 ). We subsequently limited our sequence quality and phylogenetic analyses to reads that mapped to the subset of 194 target loci designed specifically for Inga which did not show evidence of paralogy by either anomalous coverage levels or anomalous placement of an outgroup (Nicholls & al., 2015) .
We combined the consensus sequence for each locus from each herbarium sample with data derived from silica samples This is a preliminary version that will no longer be available online once replaced by the final version. Table S1 ). RAxML analysis of the 113 loci with least missing data was performed but the individual locus trees provided no support at this level (see set of phylogenies for individual loci in the supplementary data). All loci were then concatenated, producing an alignment of 229,995 bp and 5975 phylogenetically informative sites. Phylogenetic analysis of the final alignment was performed using RaxML (Stamatakis & al., 2008) employing a GTR + G model of sequence evolution with 1000 bootstrap replicates to estimate node support.
RESULTS
We successfully enriched and sequenced DNA libraries constructed from herbarium material of Inga umbellifera collected in 1835, 1841, 1932, 1948, 2004 and 2009 (Table 4 ; Fig. 1 ). Despite wide variation in the quantity and quality of DNA extracted, we produced good quality libraries from most of our samples (Electr. Suppl.: Fig. S2 ). The exception was the herbarium specimen collected in 1841 (Hostmann 170 (E), 1841), which yielded very little genomic DNA for library construction (5 ng for one replicate, <5 ng for the other replicate). Between 54% and 90% of reads for each library were on target, mapping to a set of 1400 target loci. Within this, our focal set of loci (276 loci designed specifically for Inga) produced > 300,000 base pairs of high-quality sequence in nearly all libraries. Below we summarise results relating to different aspects of the DNA and library preparations.
Starting DNA quality and quantity. -DNA quality varied widely amongst samples (Table 2 ; Fig. 2B ). Unsurprisingly, the highest DNA integrity number (DIN) values were given to extractions from the most recent silica-dried material (2009; DIN 6.2-6.3), and the second-highest to those from herbarium material from the same collection (DIN 5.3). The herbarium material from 2004 had the third-highest DIN (2.7), but this represented a substantial drop from the 2009 collection and the DNA was degraded compared to that from the 2009 herbarium sample, as shown by the absence of a high molecular weight band. None of the herbarium samples that were more than 11 years old contained high molecular weight DNA and, with the exception of the H1932 extraction 12 (DIN 1.7), all failed to fulfil the recommendations for DIN assignment; however, these DNA extractions were still adequate for constructing high-quality libraries.
Contrasting amounts of starting DNA were used in five replicate pairs of libraries (Table 3) : H2009_NEB1+ (102 ng) versus H2009_NEB2+ (28 ng); H2009_Tru1+ (101 ng) versus H2009_Tru2+ (71 ng); H1948_NEB5+ (23 ng) versus H1948_ NEB6+ (59 ng); H2004_NEB9+ (100 ng) versus H2004_ NEB10+ (39 ng); H2004_Tru9+ (101 ng) versus H2004_Tru10+ (71 ng). In three of the five pairs, the library generated from more input DNA had a higher average quality score of variant This is a preliminary version that will no longer be available online once replaced by the final version.
positions (AQV) and a greater amount of conservatively called sequence (CCS , Table 4 ). This is no more than expected by chance, and differences in AQV and CCS are of the same magnitude as those seen between replicate libraries constructed using the same amounts of starting DNA.
There was no strong link between quantity of starting DNA and capture success, except for library H1841_NEB7+, from Hostmann 170 (K), which was made with <5 ng input DNA and showed the lowest reads on target ( Fig. 1A; Table 4 ). The three libraries with the shortest amount of CCS all had very low amounts of input DNA-the two Hostmann 170 (K) libraries (H1841_NEB7+: 46 kb, H1841_NEB8+: 120 kb) and a NEBNext library from the 1948 accession (FDBG 5682 (K)) generated from 22.6 ng of DNA (H1948_NEB5+: 242 kb; Fig.  1B) . However, the relationship between input DNA quantity and data output was not absolute: a NEBNext library (H1835_ NEB13+) generated from 16 ng of DNA from the 1835 collection (Matthews 1593 (E)) gave as much high-quality CCS (317 kb) as libraries made with 100 ng of input DNA.
Tissue preservation: silica-dried versus herbarium. -There was no significant difference in AQV or CCS between libraries derived from silica-dried material and herbarium material (Table 5) , with the same magnitude of variation between replicates made from the same starting material as seen between libraries made from silica-dried versus herbarium sheet leaves. This implies that the targeted enrichment method employed in this study can be used to generate high-quality sequence data regardless of tissue preservation method.
DNA elution kits. -Of two comparisons between DNA extraction using DNeasy and QiaQuick elution columns, using the same starting DNA quantity (H2009_Tru1-versus H2009_Tru2-; H2009_NEB1-versus H2009_NEB2-), the AQV (163.79-169.24) and CCS (322, 187) were high for all 4 libraries, although values were marginally lower for the two libraries generated from DNA that had been eluted through QiaQuick columns (Table 4) .
DNA repair. -The DNA repair process led to a substantial loss of DNA (data not shown). Comparing repaired and unrepaired DNA for Libraries S2009 and H2009, DNA repair did not increase AQV or CCS per library (Table 5) . Libraries with and without repair gave consistently large amounts (319-326 kb CCS) of high-quality (AQV 161-172) sequence. More importantly, no sequence errors were introduced by the repair process. Within the final alignment of 229,995 bases used for the phylogenetic analysis, there were eight variable sites (0.0035%) across the six replicate libraries made from unrepaired DNA of the 2009 (16L 145 (E)) accession, and nine variable sites (0.0039%) across the six replicates constructed using repaired DNA.
Library-construction kit comparisons. -We performed a t-test on AQV and CCS values of TruSeq and NEB libraries generated from both silica gel preserved and herbarium material of sample 16L 145 (E). Values were not significantly different (Table 5) . However, the direct comparison of TruSeq and NEBNext libraries is partially confounded by different quantities of starting DNA used for both kits. Equal amounts of nine DNA extractions were used as starting material for the two different kits: H2009_1-, H2009_1+, H2009_2-, S2009_3-, S2009_3+, H2004_9+, H1932_11a+, H1932_11b+, and H1932_12+ (Table 4 ). In five of these, the TruSeq libraries had higher AQV, and in six the TruSeq libraries had more CCS. In contrast, for three of the five samples where significantly more DNA went into the TruSeq library, the NEBNext libraries, despite starting with lower input amounts of DNA, had higher AQV and more CCS. This high performance of the NEB kit at lower input amounts is consistent with the published recommendations for starting amounts for the respective kits. There is a slight additional time cost to generate TruSeq libraries, but sufficient sequence to generate a fully resolved and statistically supported phylogram was recovered from both preparation methods.
Size selection. -Of the two NEB libraries generated from the same DNA extraction but performed with and without size selection, the AQV and CCS were both higher for the library generated with size selection (H1932_NEB11b+: AQV 142, CCS 310 kb) rather than that generated without size selection (H1932_NEB11b+v2: AQV 133, CCS 302 kb), although capture success was marginally lower (89% versus 90%). The same patterns were seen in the TruSeq libraries for the same DNA extraction but generated using selection strategies for larger (50 µl beads; H1932_Tru11b+v2: AQV 159, CCS 325 kb, 87% on target) and smaller (80 µl beads; H1932_Tru11b+: AQV 144, CCS 315 kb, 88% on target) sized fragments. Reads appear to be more reliably mapped (and hence coverage increased, with resultant higher quality base calls) when they originate from fragments coming from a library with a narrower distribution of insert sizes. This could be related to more reliable sequencing in more uniform libraries This is a preliminary version that will no longer be available online once replaced by the final version. Phylogenetic analysis. -The trimmed alignment combining the consensus sequences from the herbarium accessions sampled herein with those derived from silica-dried accessions of I. umbellifera sampled by Nicholls & al. (2015) was 229,995 bp long. In RAxML analyses, all the herbariumderived libraries nested within the I. umbellifera samples from Nicholls & al. (2015) (Fig. 3) . Replicate libraries from the same accession formed monophyletic clusters, with the exception of the two low-quality libraries from the sample Hostmann 170 (K) 1841 that were generated from very low amounts of input DNA and had most missing data. Despite this, they did have sufficient signal to allow placement as I. umbellifera. The branch lengths between libraries from the same accessions were very short. This was regardless of whether the libraries were generated from silica-dried (black on Fig. 3 ) or herbarium (coloured on Fig. 3 ) material, the type of library preparation kit or the DNA extraction method. This confirms the robustness of the targeted enrichment procedure for producing reliable genome-scale sequence data, and its insensitivity to library type, DNA repair or input genomic DNA quantity or quality (above quite low thresholds).
The intraspecific sequence variation within I. umbellifera resolves samples geographically. For example, the five accessions from Peru are monophyletic, with libraries from the 1835 collection from San Martín in northern Peru (H1835, in yellow) sister to the rest (all from southern Peru). A clade otherwise from French Guiana also includes the sample from nearby Guyana (H1948, in pink). The isotype of I. lawranceana (Lawrance 260 (E), H1932, in blue), from the western side of the Andes mountains in Colombia, is nested within I. umbellifera, and This is a preliminary version that will no longer be available online once replaced by the final version.
sister to three accessions from neighbouring Panama. This placement of herbarium samples in their correct geographic population within I. umbellifera provides further support of the robustness of data derived from the targeted enrichment process.
Plastid DNA. -Although we achieved high enrichment efficiencies, some reads were not of target loci. Of these, many were of plastid origin, and the proportion of these reads possibly reflects the plant sample rather than the method of DNA extraction or library preparation. Libraries from the two youngest samples (Dexter 401 (E) 2004 and 16L 145 (E) 2009) have the most reads mapping to the plastid (8.2%-10.4%), regardless of the method of source tissue preservation or library preparation (Table 4 ). Fewer reads from the older herbarium specimens mapped to the plastid-FDBG 5682 (K) 1948: 1.6%-3.9%; Lawrance 260 (E) 1932: 2.3%-6.4%; Hostmann 170 (K) 1841: 0.7%-0.8%; Matthews 1593 (E) 1835: 4.3%-5.2%. This relationship may be due to more degraded DNA failing to map to the plastid (Electr. Suppl. Fig. S3 ). The wider range of values from the 1932 accession reflects the source DNA coming from two tissue types, inflorescence (2.3%-4.7%) and leaf (6.3%-6.4%), as the leaf would be expected to contain more plastids. The plastid reads could potentially be used to construct a plastid phylogeny; however in this group, plastid sequence does not include sufficient variation for resolution (Nicholls & al., 2015) .
DISCUSSION
We have successfully demonstrated that herbarium specimens, some collected as long as 180 years ago, can be used to generate genomic-scale DNA sequence data. By using a targeted enrichment process, we can obtain high-quality, high-coverage sequence data from many hundreds of nuclear loci, and hence provide a route for utilisation of herbaria for a range of projects beyond their traditional role as repositories for specimens for morphological taxonomy. Regardless of the degree of degradation in source genomic DNA, the use or not of DNA repair, variation in size selection protocols and library preparation methods, 30 of the 32 libraries produced here gave high-quality sequence data, resulting in robust and reliable placement of the respective Inga umbellifera accessions within a phylogenetic and population genetic context.
The most important variable for successful sequencing of herbarium material appears to be a minimum threshold quantity of starting DNA. The reasons for low recovery of DNA from herbarium samples could be many, including how the collector treated the specimen in the field, how rapidly it was dried, and subsequent storage. The two replicate libraries generated from very low quantities of DNA (≤ 5 ng) from the same herbarium sheet produced poor-quality sequences and did not resolve as a monophyletic cluster, although the data were informative enough to place them in the correct species. However, libraries made from only three times this amount (16 ng) provided large volumes of high-quality sequence data. Technological advances may overcome the barrier even this small threshold imposes, for instance through the use of novel kits optimised for exceedingly low input DNA amounts (e.g., the NEBNext Ultra II DNA library prep kit, New England Biolabs, with sample inputs as low as 500 pg).
Our experience suggests several recommendations for future next-generation sequencing work, especially targeted enrichment, using herbarium material.
Firstly, of the two methods tested, although we cannot statistically test the difference, we suggest using standard DNeasy columns rather than QiaQuick columns for genomic DNA extractions, in order to recover even the smallest amounts of high molecular weight genomic DNA fragments.
Secondly, we suggest using more rather than less starting DNA when possible, to provide a greater chance that the genomic DNA sample contains sufficient copies of the targeted loci of interest. Our data suggest there is not a linear relationship between DNA input and library quality, but a threshold below which library quality rapidly falls off.
Thirdly, although size selection is recommended when working with sufficient quantities of DNA, for very degraded samples it is possible to generate good quality libraries without size selection.
Fourth, our testing only assessed the impact of repair in younger herbarium material and not very degraded older DNA samples, and does not show a statistical difference between repaired and unrepaired libraries. Our data show that the repair process does not introduce errors into DNA. However, the loss of starting DNA quantity during the repair process may impact on final data quality as seen in H1841. We have no evidence that DNA repair is necessary in targeted enrichment.
However, the most important result from this study is that, regardless of starting DNA quality (rather than quantity), the library making and enrichment processes are repeatable and robust, with minor modifications having little effect on subsequent phylogenetic analyses. Even DNA that appears to be highly degraded (Fig. 2B) can be successfully used with this methodology.
The approach to calling consensus sequence data from the capture reads which we use here is highly conservative, deriving a single sequence for each bait and limiting the sequence to the bait itself, losing information contained in flanking sequences. This method is ideal for recovery of sequence from degraded DNA as it gives sequence only where there is strong support from many high-quality reads for calling any individual base. However, it does reduce the amount of information which can be derived from each bait, making individual gene trees uninformative (Electr. Suppl.: Table S1 ; (see set of phylogenies for individual loci in the supplementary data). The phylogenetic approach we use here, simple concatenation, is used to show that robust sequence data can be derived from herbarium data, but an experimental use of such data would likely implement a more detailed, population genetics approach (Bi & al., 2013; Nicholls & al., 2015) for a full scale analysis.
Our study was facilitated by the availability of a targeted enrichment bait set, previously developed using transcriptomic data for Inga (Nicholls & al., 2015) . Although such resources are not yet available for all plant groups, the number of publically accessible plant transcriptomes and genomes is This is a preliminary version that will no longer be available online once replaced by the final version. increasing (e.g., through the 1KP project https://sites.google. com/a/ualberta.ca/onekp/), as well as being increasingly cheap to develop in house for specific taxa. Bioinformatic tools for locus selection and bait design are also becoming easier to use (e.g., Chamala & al., 2015; Schmickl & al., 2015) . With increasing usage of targeted enrichment as a way of obtaining genome-scale data cheaply for multiple accessions, resources that can be applied to herbarium material will become increasingly common. For example, target bait sets designed from conserved regions (e.g., DEB-1240045 AToL: Assembling the Pleurocarp Tree of Life http://pleurocarps.uconn. edu/project-2/), that could be expected to work across large phylogenetic distances, are already available. Robustly placing herbarium specimens on molecular phylogenies is an invaluable check of nomenclatural concepts (typically based on morphology), and for classification of species that are either now extinct, or grow in regions that have become difficult or dangerous to sample. For example, we demonstrate here that the two isotypes we sampled, the 1932 Inga lawranceana isotype Lawrance 260 (E) and the 1841 Inga sciadion isotype Hostmann 170 (K) were correctly synonymised in Pennington (1997), being nested within I. umbellifera in the phylogeny (Fig. 3) . With this targeted enrichment method making herbarium specimens available for genomic DNA sequencing, the possibilities for using herbaria are vast-for instance, using this method to sample genomic data from extinct species for functional studies, for population genetic analyses over deep timescales (e.g., Bi & al., 2013) , or to help pinpoint genetic changes that correlate with historical geographic or climatic variations.
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